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In  this  work,  we  study  the  physico-chemistry  and  electrochemistry  of  lithium  ferrite  synthesized  by 
solid-state  reaction.  Characterization  included  X-ray  diffraction  (XRD),  scanning  electronic  microscopy 
(SEM),  Raman  scattering  (RS),  Fourier  transform  infrared  spectroscopy  (FTIR),  and  SQUID  magnetometry. 
XRD  peaks  gradually  sharpen  with  increasing  firing  temperature;  all  the  diffraction  peaks  can  be  indexed 
to  the  cubic  a-LiFeC^  phase  (Fm3m  space  group)  with  the  refined  cell  parameter  a  =  4.1 55  A.  RS  and  FTIR 
spectra  show  the  vibrational  modes  due  to  covalent  Fe-0  bonds  and  the  Li-cage  mode  at  low-frequency. 
The  electrochemical  properties  of  Li/LiFe02  are  revisited  along  with  the  post-mortem  analysis  of  the 
positive  electrode  material  using  XRD  and  Raman  experiments. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Various  lithiated  transition-metal  dioxides  LiM02  (M  =  Ni,  Co, 
Mn)  have  been  investigated  as  insertion  compounds  for  poten¬ 
tial  used  in  rechargeable  Li  batteries  [1-3].  Two  decades  ago,  the 
discovery  of  the  electrochemical  features  of  LiCo02  as  a  positive 
electrode  material  has  lead  a  great  progress  for  energy  storage 
devices  followed  by  extensive  researches  on  alternative,  inexpen¬ 
sive,  thermally  safe  and  environmentally  friendly  materials.  In 
this  context,  Goodenough  and  Kim  [3]  have  recently  discussed 
the  strategies  for  Li-ion  batteries  that  are  based  on  lithium- 
intercalation  compounds  as  electrodes  because  limitations  are  due 
to  the  capacity  of  a  cathode  material  and  the  safe  charging  rates 
for  Li  transport  across  the  passivating  SEI  layer  on  a  carbon-based 
anode. 

Varieties  of  LiFe02  (LFO)  have  been  studied  as  potential  alterna¬ 
tives  to  Li-Co-0  positive  electrodes.  Depending  on  the  precursors 
and  the  synthetic  methods  used,  LFOs  exhibit  various  crystalline 
polymorphs  [4-29].  A  classification  has  been  proposed  by  Kanno 
et  al.  [8].  The  cation-disordered  a-LiFe02  phase  has  a  cubic 
structure  of  Fm3m  space  group  (SG)  [10-12],  the  cation-ordered 
7-LiFe02  has  a  tetragonal  structure  (M^lamd  SG)  by  ordering  the 
Li+  and  Fe3+  ions  at  octahedral  sites  [10],  |3-LiFe02  noted  p'- 
,  p*-  and  p"-phase  are  intermediate  phases  [13].  Other  forms 
include  the  corrugated  layer  LiFe02  structure  similar  to  7-FeOOH 
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(orthorhombic,  Pnma  SG)  [16-22],  the  goethite-type  structure  sim¬ 
ilar  to  a-FeOOH  [22],  the  hollandite-type  LiFe02  structure  similar 
to  p-FeOOH  [23],  and  non-stoichiometric  compounds  with  mixed 
structures  [24-26].  The  orthorhombic  form,  o-LiFe02,  was  synthe¬ 
sized  at  low  temperature  [21].  Recently,  the  layered  03-LiFe02 
structure  (a-NaFe02-type,  hexagonal,  R-3m  SG)  has  been  synthe¬ 
sized  by  an  ion-exchange  reaction  with  a-NaFe02  [14-16]. 

Among  the  isomers,  a-LiFe02  crystallizes  in  a  NaCl  type  struc¬ 
ture,  in  which  Li  and  Fe  atoms  occupy  randomly  the  octahedral 
sites  in  a  cubic  close  packing  of  oxygen  atoms  as  shown  in 
Fig.  l.One  major  drawback  of  lithium  ferrites  as  electrode  mate¬ 
rials  results  from  their  low  cycling  efficiency  and  low  operating 
voltage  [12,16-22,27].  However,  for  some  Li-Fe-0  systems,  similar 
initial  capacities  to  those  of  LiCo02  and  LiFeP04  have  been  obtained 
[21,29] 

The  focus  of  this  work  is  the  study  of  the  a-LiFe02  form  syn¬ 
thesized  by  the  classical  ceramic  method  from  selected  iron  oxide 
and  lithium  carbonate  as  raw  materials.  The  material  is  structurally 
characterized  by  a  set  of  experiments  including  X-ray  diffrac¬ 
tion,  scanning  electron  microscopy,  optical  spectroscopy  (FTIR 
and  Raman)  and  magnetometry.  The  electrochemical  properties  of 
Li/LiFe02  cell  are  revisited  along  with  the  post-mortem  analysis  of 
the  positive  electrode  material. 

2.  Experimental 

The  lithium  ferrite  powders  were  synthesized  by  the  solid-state 
reaction  (ceramic)  method  using  selected  iron  oxide  (Fe203)  and 
lithium  carbonate  (Li2C03)  as  raw  materials  taking  a  small  excess 
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Fig.  1.  Schematic  representation  of  the  crystal  structure  of  a-LiFe02. 


of  lithium  (Li:Fe  >  1 ).  The  starting  materials  was  finely  ground  in  a 
mortar  and  placed  in  a  tube  furnace  for  heat  treatment  at  different 
temperatures  in  the  range  400-800  °C  for  12  h  in  an  argon  atmo¬ 
sphere.  Several  intermittent  grindings  were  performed  between 
the  steps  of  calcination.  The  crystalline  phase  was  identified  by  X- 
ray  diffraction  (XRD)  using  Philips  X’Pert  apparatus  equipped  with 
a  CuKa  X-ray  source  (A  =  1.5406  A).  XRD  measurements  were  col¬ 
lected  in  the  20  range  1 0-80°  at  slow  scan  rate  of  0.001 0  min-1 .  The 
particle  morphology  of  the  LiFe02  powders  was  examined  with  a 
scanning  electron  microscope  (SEM,  JEOL-Japan,  JXA-840A). 

Infrared  absorption  spectra  were  recorded  at  room  temperature 
using  a  Fourier  transform  interferometer  (Bruker  IFS113v)  inter¬ 
ferometer  at  a  spectral  resolution  2  cm-1.  In  the  studied  region 
( 1 00-1000  cm-1 ),  this  vacuum  bench  apparatus  was  equipped  with 
3.5  pum-thick  mylar  and  Ge/KBr  beam  splitter,  a  global  source,  and 
a  DTGS/PE  far-infrared  detector.  Samples  were  ground  to  fine  pow¬ 
ders  and  dispersed  into  ICs  pellets  in  the  1 :300  proportion.  Raman 
spectra  were  collected  with  aJobin-Yvon  U1000  double-pass  spec¬ 
trometer  equipped  with  a  cooled,  low  noise  photomultiplier  tube 
(ITT  FW130).  The  excitation  light  was  the  515  nm  Ar+-laser  line. 
Raman  and  FTIR  spectra  were  fitted  using  the  curve  analysis  based 
on  the  original  algorithm  of  non-linear  peak  fitting  known  as  the 
Levenberg-Marquardt  method.  The  fitting  calculation  of  IR  spec¬ 
tra  was  done  assuming  a  linear  baseline  in  the  spectral  range 
150-1 000  cm-1  using  OPUS  package  from  Bruker  GmbFI.  Ah  the 
Raman  bands  introduced  in  the  fit  had  a  Lorentzian  lineshape;  two 
adjusting  parameters  (intensity  and  band-width)  were  considered 
for  each  Lorentzian  oscillator. 

Magnetic  measurements  (susceptibility  and  magnetization) 
were  carried  out  in  the  range  0-30  kOe  using  a  fully  automated 
magnetometer  (MPMS-5S  from  Quantum  Design)  using  an  ultra¬ 
sensitive  Superconducting  Quantum  Interference  Device  (SQUID) 
in  the  temperature  range  4-300  K.  Powders  were  placed  into  a  small 
plastic  vial,  placed  in  a  holder  and  finally  inserted  into  the  helium 
Dewar  flask  of  the  SQUID  apparatus.  The  temperature  dependence 
of  the  susceptibility  data  was  recorded  during  heating  of  the  sample 
using  two  modes:  zero  field  cooling  (ZFC)  and  field  cooling  (FC),  to 
determine  the  magnetic  behavior.  The  procedure  is  based  on  per¬ 
forming  two  consecutive  magnetization  measurements:  in  ZFC  the 
sample  is  first  cooled  down  in  the  absence  of  magnetic  field,  then 
a  magnetic  field  H=  10  kOe  are  applied,  and  the  ZFC  magnetic  sus¬ 
ceptibility  M(T)/H,  where  M  is  the  magnetization  measured  upon 
heating.  In  the  FC  experiments,  the  same  magnetic  field  is  applied 
first  at  room  temperature;  the  FC  susceptibility  is  measured  upon 
cooling. 

The  electrochemical  properties  of  LNMCO  were  tested  at  room 
temperature  in  cells  with  metallic  lithium  as  anode  electrode.  The 


Fig.  2.  XRD  pattern  of  a-LiFe02  prepared  by  solid-state  reaction  using  Fe203  and 
Li2C03  raw  materials.  Powders  were  calcined  at  (a)  600  °C,  (b)  700  °C  and  (c)  800  °C 
under  argon  flow. 


electrolyte  solution  was  1  molL-1  LiPFg  in  a  mixture  of  ethylene 
carbonate  (EC)  and  dimethyl  carbonate  (DMC)  in  a  1 : 1  volume  ratio. 
A  Celgard  microporous  polypropylene  membrane  was  used  as  a 
separator.  The  positive  electrode  was  prepared  by  mixing  the  active 
material  with  acetylene  black  and  binder  (polyvinylidene  fluoride, 
PVDF,  dissolved  in  N-methyl-2-pyrrolidone,  NMP)  in  a  weigh  ratio 
of  80:10:10.  The  mixture  was  pressed  onto  stainless  steel  mesh 
used  as  current  collector  and  dried  under  vacuum  at  80  °C  for  16  h. 
The  laboratory  cells  were  assembled  in  an  argon-filled  glove  box. 
The  charge  and  discharge  profiles  were  collected  by  galvanostatic 
cycling  between  1 .5  and  4.4  V  vs.  Li°/Li+ ,  applying  a  constant  current 
of  C/12  rate  at  room  temperature  with  a  Mac-Pile  battery  testing 
system  (160mAg-1  was  assumed  to  be  lC-rate). 

3.  Results  and  discussion 

3.1.  Structure  and  morphology 

Fig.  2  shows  the  XRD  patterns  of  the  synthesized  LFO  materials 
synthesized  by  the  ceramic  route  with  sintering  at  different  tem¬ 
peratures  Ts.  The  XRD  peaks  are  getting  thinner  and  more  intense 
upon  increasing  Ts ,  which  indicates  the  best  crystallinity  is  achieved 
for  the  sintering  temperature  Ts  =  800  °C.  A  close  examination  of 
the  XRD  diagrams  of  powders  sintered  at  Ts  <  700  °C  indicates  the 
presence  of  impurity  phase  attributed  to  LiFe508.  Structurally,  this 
lithium  ferrite  is  an  inverse  spinel  network  in  which  Li+  and  Fe3+ 
ions  occupied  the  octahedral  B-sites.  It  is  remarkably  seen  that  the 
impurity-free  a-LiFe02  has  not  been  formed  until  heated  above 
600  °C,  which  exhibits  a  mixture  of  LiFesOs  spinel  and  a-LiFe02 
phases;  also  the  presence  of  the  p-LiFe02  form  is  not  observed  as 
reported  by  Tabuchi  et  al.  [18].  Collongues  and  Chaudron  concluded 
that  LiFe02  and  LiFe508  are  the  limiting  members  of  the  solid  solu¬ 
tions  formed  by  the  replacement  of  2Fe2+  by  Li+Fe3+  in  2FeO  or 
2Fe304,  respectively  [30]. 

For  the  optimum  sintering  temperature  Ts  ~  800  °C)  and  a  small 
excess  of  lithium  in  the  starting  mixture  (Li:Fe«  1.15),  the  XRD 
spectrum  are  in  agreement  with  those  reported  in  the  literature 
for  a-LiFe02  [11,12].  It  is  well  indexed  in  the  Fm3m  symmetry 
of  the  NaCl-like  cubic  structure  without  contamination.  The  lat¬ 
tice  parameter  of  the  cubic  structure  we  thus  obtain  is  a  =  4.1 55  A, 
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b)  shows  the  typical  scanning  micrograph  of  a  sample  fired  at  650 
and  800  °C,  respectively.  These  pictures  reveal  that  particles  fired 
at  800  °C  have  regular  spherical-like  shape  with  an  average  diam¬ 
eter  of  0.55  fun  and  a  fairly  narrow  particle  size  distribution  range. 
The  quasi-spherical  shape  of  the  particles  is  attributed  to  the  care¬ 
ful  synthesis  of  the  product  including  extensive  grinding  between 
successive  calcinations.  It  should  be  noted  that  the  values  of  mean 
coherence  length  (^52  nm)  obtained  from  XRD  analysis  according 
to  Scherrer  formula  is  about  one  order  of  magnitude  smaller  than 
the  dimensions  of  the  primary  particles,  so  that  the  primary  par¬ 
ticles  should  not  be  confused  with  crystallites.  The  SEM  pictures 
display  the  absence  of  agglomerates  and  ensure  the  high  specific 
surface  area  of  samples. 

3.2.  Vibrational  spectra 


Fig.  3.  EDAX  elemental  analysis  of  the  LiFe02  sample  annealed  at  800  °C. 

matches  well  with  the  given  value  (JCPDS  74-2283)  and  previous 
literature  reports  as  well  [11,28]. 

As  seen  in  Fig.  2,  the  XRD  pattern  is  dominated  by  the  (2  00) 
Bragg  line  (strongest  intensity)  at  20  =  43.59°  and  the  (111)  and 
(2  2  0)  lines  (medium  intensity)  at  20  =  37.45  and  63.29°,  respec¬ 
tively.  The  narrow  diffraction  peaks  of  the  pattern  indicate  a  high 
crystallinity  of  the  LFO  powder.  The  coherence  length,  Lc,  has  been 
estimated  using  Scherrer  formula: 


where  is  the  full  width  at  half  maximum  (FWHM)  in  radians, 
the  constant  is  I<=  0.9,  A  is  the  wavelength  of  the  X-ray,  0  is  the 
corresponding  Bragg  angle.  We  find  Lc  =  52  ±  5  nm  that  corresponds 
to  the  particle  size,  L,  estimated  from  the  SEM  images  (see  below). 

EDX  experiments  were  used  for  the  chemical  analysis  of  the 
sample  prepared  with  the  ratio  Li:Fe  =  1.15.  The  EDX  spectrum 
(Fig.  3)  exhibits  the  characteristic  peaks  of  Fe  and  O  present  in  the 
sample.  It  is  not  possible  to  detect  Li  for  the  obvious  reason  that  the 
X-ray  fluorescence  yield  is  extremely  low  for  elements  such  as  Li  or 
Be.  The  respective  peaks  due  to  Fe  and  O  are  indicated  along  with 
their  respective  energy  positions.  The  lines  identified  are  O  Kai , 
Fe  Ka  and  Fe  L|3,  respectively.  The  presence  of  peaks  due  to  other 
elements  as  either  dopants  or  impurities  is  not  detected,  which  is 
an  indication  of  the  sample  chemical  purity. 

The  degree  of  crystallinity  of  the  LiFe02  product,  i.e.  domain  size, 
grain  distribution,  was  examined  by  SEM  experiments.  Fig.  4(a  and 


The  purpose  of  this  study  is  to  investigate  the  local  environment 
of  cations  in  a  cubic-close-packed  oxygen  array  of  the  LiFe02  lattice 
using  vibrational  spectroscopy.  IR-  and  Raman-active  modes  cor¬ 
respond  to  vibrations  involving  primarily  atomic  motion  of  cations 
against  their  oxygen  neighbors.  Consequently,  these  modes  are 
very  sensitive  to  the  cationic  local  environment  in  the  host  matrix 
which  can  be  affected  by  cationic  distribution,  cation  mixing,  dis¬ 
order,  etc. 

Fig.  5  shows  the  FTIR  absorption  spectrum  of  LiFe02  sample  fired 
at  800  °C  in  argon  atmosphere.  The  FTIR  features  are  dominated  by  a 
broad  band  centered  at  ca.  380  cm-1  that  originates  from  the  cubic 
NaCl-type  structure  of  a-LiFe02.  The  best  fit  of  the  FTIR  spectrum 
has  been  achieved  using  eight  bands  at  242, 344, 383, 436, 508, 566, 
688  and  864  cm-1  that  correspond  to  the  F?li  modes  of  the  Fm3m 
symmetry. 

Fig.  6  displays  the  Raman  spectrum  of  LiFe02,  which  is  charac¬ 
terized  by  the  occurrence  of  five  bands  at  256,  533,  577,  646  and 
704  cm-1,  that  belong  to  the  species  Fig+F2g.  The  strongest  peaks 
located  at  533  and  646  cm-1  are  attributed  to  the  O-Fe-O  bending 
and  the  Fe-0  stretching  mode  of  Fe06  octahedra,  while  the  mode 
at  low  frequency,  at  ca.  256  cm-1,  is  assigned  to  the  Li-cage  in  an 
octahedral  environment.  Similar  features  have  been  observed  in 
spectra  of  LiM02  (M=Ni,  Co,  Cr)  materials  [31].  In  particular,  the 
Li-cage  mode  in  the  same  Oh  configuration  has  been  observed  at 
260  cm-1  in  LiCo02, 240  cm-1  in  LiNi02.  The  line  at  256  cm-1  in  a- 
LiFe02  shifted  by  a  few  cm-1  with  respect  to  LiCo02,  corresponds 
to  this  same  cage  mode  of  the  lithium  ions  which  undergo  transla¬ 
tion  vibrations  inside  the  cage  formed  by  the  six  nearest  neighbor 
oxygen  atoms. 


Fig.  4.  Typical  SEM  micrographs  of  LiFe02  powders  annealed  at  (a)  650 °C  and  (b)  800 °C  in  argon  atmosphere.  The  spherical-like  shape  of  particles  is  attributed  to  the 
grinding  process. 
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Fig.  5.  FTIR  absorption  spectrum  of  LiFe02  prepared  at  800  °C.  The  synthesized 
spectrum  (full  line)  was  obtained  by  a  non-linear  curve-fitting  technique  using  the 
superposition  of  Gaussian-Lorentzian  bands. 


3.3.  Magnetic  properties  ofa-LiFe02 


Fig.  7.  Magnetization  curve  M(H )  as  a  function  of  the  temperature  for  a-LiFe02 
crystalline  powders. 


The  magnetization  curves  of  a-LiFe02  powders  fired  at  800  °C 
are  reported  in  Fig.  7.  The  magnetization  M  is  linear  in  the  mag¬ 
netic  field  H,  down  to  T=  50  K.  This  result  gives  evidence  that  the 
LiFe508  orFe304  impurities  that  are  often  present  in  LiFe02  [10,32] 
is  absent  in  our  samples.  As  a  consequence,  the  magnetic  suscepti¬ 
bility  is  simply  given  by  < !  -  no-mfc  ->/  =  M/H< !  -  /no-mfc  ->.  The 
X-1(T)  curves  measured  at  H=10kOe  are  reported  in  Fig.  8.  The 
experimental  curve  shows  a  negative  curvature  instead  of  the  linear 
behavior  expected  for  the  Curie-Weiss  law.  If  we  take  the  tangent 
to  the  experimental  curve  near  room  temperature  to  analyze  the 
results  according  to  the  Curie-Weiss  law, 


^APeff^B  1 

3/<b  T  +  V 


(2) 


where  the  first  fraction  is  the  Curie  constant  Cp,  NA  is  the  Avo- 
gadro  number,  /<B  the  Boltzman  constant,  peff  the  effective  magnetic 
moment,  /xb  the  Bohr  magneton  and  0P  is  the  Curie-Weiss  temper¬ 
ature.  We  find  /xeff  =  4.94  /xB  and  0P  =  -260  K.  The  effective  magnetic 


Raman  shift  (cm-1) 


Fig.  6.  Raman  scattering  spectrum  of  LiFe02  fired  at  800  °C.  The  best  fit  to  the  Raman 
features  has  been  achieved,  starting  from  a  prescribed  set  of  individual  bands  of 
Lorentzian  shape  for  the  overlapping  band  profile. 


moment  /xeff  carried  by  Fe  ions  is  significantly  smaller  than  the 
value  5.9 /xb  expected  for  Fe3+.  There  is  no  doubt,  however,  that 
iron  is  trivalent.  This  has  been  evidenced  for  instance  by  Mossbauer 
spectroscopy  in  Ref.  [10].  Iron  ions  can  carry  a  magnetic  moment 
smaller  than  that  expected  occasionally,  but  only  in  case  of  unsat¬ 
urated  covalent  bonding,  a  situation  met  in  Fleusler  alloys  [33]  or 
in  other  iron  compounds  [34,35].  The  smaller  value  of  /xeff  in  our 
analysis  is  thus  simply  the  evidence  that  the  Curie-Weiss  behav¬ 
ior  can  be  observed  only  at  temperatures  that  cannot  be  accessed 
in  our  experimental  set-up.  Indeed,  it  has  been  observed  at  higher 
temperature  (up  to  450  K),  from  which  the  value  /xeff  =  5.9/xB  has 
been  recovered  [32].  The  antiferromagnetic  ordering  is  best  evi¬ 
denced  by  the  anomaly  in  the  x_1  (T)  curve  at  the  Neel  temperature 
Tn  =  85  K.  This  is  consistent  with  the  57Fe  Mossbauer  spectrum  of 
a-LiFe02  at  77  K,  showing  the  apparition  of  the  sextet  [10].  The 


Fig.  8.  Temperature  dependence  of  the  inverse  molar  magnetic  susceptibility  x  of 
a-LiFe02  powders  for  field  cooled  and  zero-field  cooled  experiments. 
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Fig.  9.  Charge  and  discharge  curves  for  the  Li/LiFe02  cell  with  ImolL-1  LiPF6- 
EC:DMC  (1:1)  electrolyte.  The  cell  was  cycled  at  current  density  mAg-1  (C/12)  in 
the  potential  range  1. 5-4.4  V. 

onset  of  magnetic  irreversibility  takes  place  at  Ti  =  40  K,  and  is  evi¬ 
denced  in  Fig.  8  by  a  separation  between  the  zero-field  cooled  (ZFC) 
and  field-cooled  (FC)  susceptibility  curves.  This  is  another  feature 
of  Fe-diluted  magnetic  semiconductors  [35,36]. 

3.4.  Electrochemical  studies 

Fig.  9  shows  the  charge  and  discharge  curves  of  the  Li/LiFe02 
cell  for  the  first  and  second  cycles  with  a  constant  current  den¬ 
sity  of  13.5  mAg-1  (C/12  rate)  between  1.5  and  4.4  V  versus  Li°/Li+ 
at  room  temperature.  The  first  charge  process  displays  a  voltage 
plateau  at  4.1  V;  it  disappeared  in  the  second  charge.  The  subse¬ 
quent  charge  process  shows  an  S-shape  curve  observed  in  the  3-V 
region,  while  the  discharge  curve  exhibits  two  plateaus  around  2.54 
and  1.91  V.  These  results  are  well  seen  on  the  incremental  capacity 
dQJdV  vs.  cell  voltage  curve  (Fig.  10),  in  which  the  peaks  corre¬ 
spond  to  plateau  in  Fig.  1 0.  It  is  remarked  that  similar  features  were 
observed  for  Li/LFO  cells  including  positive  electrode  with  differ- 


Cell  voltage  (V  vs.  Li+/Li°) 


Fig.  10.  Incremental  capacity  dQJdV  vs.  cell  potential  obtained  at  the  second  cycle 
for  LiFe02  fired  at  800  °C. 


Fig.  11.  Cycle  number  dependence  of  the  discharge  capacity  for  the  Li/LiFe02  cell 
operating  at  C/12  in  the  potential  range  1. 5-4.4  V. 

ent  structures  such  as  the  corrugated  layer  LiFe02  [22],  the  layered 
03-LiFe02  [29],  the  hollandite-like  tunnel  structure  [23]  and  the 
o-LiFe02  structure  [20].  Flowever,  the  value  of  the  voltage  plateaus 
appeared  structure  dependent.  The  existence  of  two  plateaus  (or 
two  peaks  in  Fig.  10)  suggests  two  different  sites  for  Li.  Though 
Li+  and  Fe3+  occupy  the  octahedral  sites  randomly,  a  short-range 
order  is  needed  to  satisfy  the  Pauling’s  electrostatic  rule  [37].  Eight 
corners  of  a  given  octahedron  are  always  occupied  by  four  Li+  ions 
and  four  Fe3+  ions,  but  two  types  of  arrangement  are  possible  [38]. 
They  have  been  observed  experimentally  by  TEM  experiments  [41  ]. 
We  find  here  their  indirect  observation  by  electrochemistry,  since 
these  two  local  arrangements  also  mean  the  two  non-equivalent  Li 
sites  revealed  in  Figs.  10  and  11.  Note  also  that  it  also  implies  two 
non  equivalent  Fe3+  sites,  and  the  absence  of  infinitely  long  range 
antiferromagnetic  ordering  at  TN  discussed  in  the  previous  section 
may  also  be  linked  to  this  phenomenon,  as  it  played  also  this  role 
in  another  Fe-based  compound  [35]. 

The  charge  and  discharge  curves  in  the  subsequent  cycles  differ 
from  those  in  the  first  cycle.  Morales  et  al.  [39]  have  shown  that 
iron  (III)  is  oxidized  to  iron  (IV)  during  charge  and  reduced  to  iron 
(II)  during  the  first  discharge.  Sakurai  et  al.  have  pointed  out  that 
unusual  Fe4+  ions  generated  during  the  first  charge  could  play  a  role 
in  the  voltage  hysteresis  of  LiFe02  [40].  It  is  believed  that  Fe4+  ions 
are  formed  during  the  reaction  which  takes  place  at  the  electrode. 

LiFe02  -  xLi+  -  xe~  -*  Lii_xFeI1II_xFe^v02  (3) 

with  a  displacement  from  octahedral  4a  to  tetrahedral  8c  positions, 
while  Li+  ions  remained  in  8c  sites  insuring  a  conduction  pathway 
[41].  From  electrochemical  features  shown  in  Fig.  9  we  observed 
a  capacity  loss  of  15mAhg-1  between  the  first  and  second  cycle. 
Fig.  1 1  shows  the  discharge  capacity  of  Li/LiFe02  cell.  It  is  shown 
that  the  capacity  decreases  continuously  upon  cycling  to  reach  the 
value  104  mAh  g-1  for  the  32nd  cycle. 

3.5.  Post-mortem  studies 

As  we  observed  in  Fig.  9  big  changes  occurred  upon 
charge-discharge  process  for  the  Li/a-LiFe02  cell;  the  focus  of  this 
section  is  the  study  of  the  structural  changes  after  the  first  charge 
and  after  five  cycles  within  a  voltage  range  between  1.5  and  4.4  V. 
In  order  to  investigate  these  modifications  the  electrode  was  inves¬ 
tigated  by  ex  situ  XRD  and  Raman  measurements.  The  electrodes 
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Fig.  12.  Post-mortem  XRD  patterns  of  LiFe02  electrodes:  (a)  pristine,  (b)  charged 
electrode  at  the  first  cycle,  and  (c)  discharged  electrode  at  the  5th  cycle.  The  elec¬ 
trodes  were  washed  with  DMC  solution  to  remove  LiPF6  salt. 

were  washed  with  DMC  solution  to  remove  LiPF6  salt  and  left  in  a 
glove  box  for  1 2  h  to  reach  equilibrium.  Fig.  1 2  shows  the  structural 
change  of  a-LiFe02  after  the  fresh  cell  being  charged  at  4.4  V.  A  shift 
of  LiFe02  Bragg  lines  toward  higher  angles  is  observed  that  corre¬ 
sponds  to  a  small  decrease  of  the  cubic  cell  parameter.  At  the  end 
of  the  5th  charge-discharge  process,  the  XRD  peaks  broaden  and  a 
new  phase  has  grown.  The  XRD  spectrum  shows  the  occurrence  of 
the  LiFe508  spinel  identified  by  the  lines  (2 1  0),  (2  2  0),  (3  1  1 )  and 
(40  0). 

In  order  to  confirm  the  remained  phase  in  the  electrode  after 
charge  and  discharge  reaction,  the  Raman  scattering  spectra  have 
been  recorded  on  the  same  samples  examined  by  XRD.  Fig.  13  dis- 


Raman  shift  (crrr1) 


Fig.  13.  Post-mortem  Raman  scattering  spectra  of  LiFe02  electrodes:  (a)  pristine, 
(b)  charged  electrode  at  the  first  cycle,  and  (c)  discharged  electrode  at  the  5th  cycle. 
The  electrodes  were  washed  with  DMC  solution  to  remove  LiPF6  salt. 


plays  such  spectra.  At  the  first  charge  the  Raman  features  consist  in 
the  spectrum  of  a-LiFe02  shifted  toward  the  low  wavenumber  side, 
which  indicates  a  strengthening  of  the  Fe-0  chemical  bonds.  At  the 
end  of  the  5th  cycle,  the  RS  spectrum  shows  clearly  the  superposi¬ 
tion  of  two  components,  a-LiFe02  plus  LiFesOg  similarly  to  the  XRD 
patterns.  The  strong  Fe-0  stretching  mode  of  LiFe508  is  recorded 
at  720  cm-1. 

Similar  structural  modifications  have  been  reported  previously 
for  several  LFO  polymorphs  such  as  the  orthorhombic  o-LiFe02 
[20]  and  the  layered  03-LiFe02  [29].  For  o-LiFe02,  severe  struc¬ 
tural  changes  occurred  during  the  first  charge-discharge  process 
of  the  cells,  i.e.  from  orthorhombic  to  spinel  phase,  which  induces 
the  capacity  loss  of  the  Li/LiFe02  system.  A  TEM  analysis  revealed 
clearly  that  the  spinel  LiFe02  phase  was  found  in  the  electrode  after 
the  3rd  cycle  and  the  total  structural  transformation  was  com¬ 
pleted  after  50  cycles  [20].  In  the  case  of  03-LiFe02,  Mossbauer 
measurements  revealed  that  the  oxidation  state  of  iron  (Fe3+)  did 
not  change  but  a  phase  transition  from  rhombohedral  to  cubic  sym¬ 
metry  occurred  during  the  initial  charge,  indicating  oxygen  release 
with  lithium  deinsertion  [29]. 

4.  Conclusion 

Crystallo-chemistry  of  lithium  iron  oxide  LiFe02  has  shown 
that,  this  compound  crystallizes  in  the  cubic  structure  (Fm3m  SG). 
LiFe02  sample  synthesized  via  solid-state  reaction  exhibits  well- 
formed  crystallites  of  0.55  p,m  size.  A  combination  of  FTIR  and  RS 
measurements  confirms  the  cubic  structure  of  LiFe02.  Magnetic 
measurements  have  evidence  that  a-LiFe02  exhibits  deviation 
from  the  Curie-Weiss  law  with  /xeff «:  5.9  /xB  at  room  temperature. 
The  cationic  disorder  seems  to  affect  the  magnetic  properties.  This 
compound  is  expected  to  belong  to  the  class  of  Fe-diluted  magnetic 
semiconductors  regarding  its  magnetic  properties.  Electrochemical 
texts  show  severe  structural  changes  that  occurred  during  the  first 
charge-discharge  process  of  the  cells.  The  structural  transforma¬ 
tion  from  a-LiFe02  to  LiFe508  spinel  phase  has  been  evidenced  by 
ex  situ  X-ray  diffraction  and  Raman  spectroscopy. 
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